S C I E N C E ' S C O M P A S S
CREDIT: KATHARINE SUTLIFF/SCIENCE O ne of the largest gene families in the human genome is that encoding the G protein-coupled receptors (GPCRs). These plasma membrane receptors, with their trademark seven-transmembrane helices, bind to and transduce signals for a huge variety of ligands including neurotransmitters, odorants, hormones, and other small molecules. GPCRs also mediate the actions of certain medications used to treat disorders as diverse as cardiovascular disease (1), drug dependency (2) , and mental illness (2) . Prolonged exposure of GPCRs to their endogenous (natural) or exogenous ligands (agonists) induces compensatory decrements in receptor sensitivity (desensitization) and receptor number (down-regulation). A prominent feature of the regulation of GPCR activity after ligand binding is the rapid internalization of these receptors and their sorting to intracellular endocytic compartments (3). Internalized GPCRs suffer one of two fates: Either they are rapidly recycled back to the plasma membrane (recycling pathway), or they are targeted to lysosomes for proteolysis (degradative pathway). Several recent studies, including a report on page 615 of this issue by Whistler et al. (4) , identify GPCR-interacting proteins that specify the preferential sorting of GPCRs for either recycling or degradation (see the figure) .
What structural motifs must interacting proteins recognize in order to determine the fate of internalized GPCRs? A number of recent studies have described sequences in the cytoplasmic domains of GPCRs, particularly in the carboxyl terminus, that are important for recognition by interacting proteins. For instance, swapping the carboxyl termini of protease-activated receptor-1 (PAR-1), a receptor that is targeted to lysosomes, and the substance P receptor, a GPCR that is recycled rapidly to the plasma membrane, results in a "swap" of the sorting pathways (5). Thus, PAR-1 with a substance P receptor carboxyl terminus is recycled to the plasma membrane, whereas the substance P GPCR with a PAR-1 carboxyl terminus undergoes degradation in lysosomes. Studies have also revealed the importance of amino acid residues at the distal carboxyl terminus of GPCRs for mediating receptor recycling, and have identified potential interacting proteins involved in this process. Most notably, interaction of the β 2 adrenergic receptor with NSF-1 (N-ethylmaleimide-sensitive factor)-a protein important for intracellular membrane trafficking and release of vesicles from the plasma membrane-regulates recycling of this GPCR (6).
New work, including that by Whistler et al. (4) , reveals the identity of several interacting proteins that target GPCRs for lysosomal degradation. Whistler and colleagues have identified a protein they call GASP (GPCR-associated sorting protein) that turns out to be a key player in the lysosomal sorting of δ-opioid receptor (DOR) and probably of other GPCRs. They disclose that disrupting the interaction between GASP and DOR (a GPCR that is normally preferentially sorted to lysosomes) blocks lysosomal sorting and promotes recycling of internalized DORs to the cell surface. Importantly, GASP has a high affinity for the carboxyl terminus of GPCRs that are normally targeted to the degradative pathway, but a low affinity for GPCRs that prefer the recycling pathway. The authors also found that a dominant-negative form of GASP blocked the lysosomal targeting of DOR or of a mutant β 2 adrenergic receptor. Taken together, these findings identify nor- Getting sorted. After activation by their ligands (orange), GPCRs (blue) become desensitized and are then internalized into endocytic compartments in the cell [see (3) for a review]. Within the endosomes, a sorting decision is made either to recycle the receptor to the plasma membrane (resensitization) or to transfer the receptor to lysosomes for degradation (down-regulation). New studies have identified interacting proteins (pink), such as GASP (4) and SNX-1 (7) , that interact with the carboxyl terminus of GPCRs and contribute to this sorting decision. GRK, G protein-coupled receptor kinase . 64  63  62  61  60  59  58  57  56  55  54  53  52  51  50  49  48  47  46  45  44  43  42  41  40  39  38  37  36  35  34  33  32  31  30  29  28  27  26  25  24  23  22  21  20  19  18  17  16  15  14  13  12  11  10  9  8  7  6  5  4  3  2  1 www.sciencemag.org SCIENCE VOL 297 26 JULY 2002 mal GASP as a protein that determines the degradative fate of some GPCRs.
Another recent study disclosed that a protein called sorting nexin-1 (SNX-1) is important for specifying the preferential targeting of PAR-1 to lysosomes (7) . SNX-1 is a membrane-associated protein that is already known to promote lysosomal sorting and degradation of the epidermal growth factor receptor (8) . Interestingly, Wang et al. (7) report that SNX-1 has a low affinity for GPCRs that prefer the recycling pathway. Thus, SNX-1 may be another candidate sorting protein involved in targeting GPCRs to the degradative pathway.
Some GPCRs can be modified by the covalent attachment of ubiquitin molecules (ubiquitination), which determines their sorting fate. Ubiquitination usually tags cellular proteins for degradation within intracellular organelles called proteasomes.
However, recent work has demonstrated that ubiquitination of some GPCRs targets them for degradation in lysosomes instead of proteasomes (9, 10) .
It appears, then, that the sorting fate of individual GPCRs is determined by a complex array of protein interactions that direct the receptors to opposing pathways (recycling versus degradation). Although recent studies have identified several interacting proteins, including GASP, SNX-1, and NSF-1, that target internalized GPCRs for recycling or degradation, there are probably plenty more interacting proteins and sorting motifs waiting to be discovered. Moreover, a number of important questions persist: Given that even recycled GPCRs are eventually degraded, how are these receptors ultimately targeted to the degradative pathway? How do GASP and SNX-1 interact with the sorting machinery to direct GPCRs to lysosomes?
Are the mechanisms involving GASP and SNX-1 specific for some lysosomally sorted GPCRs, but not for others? How do the processes that regulate GPCR recycling and degradation modulate GPCR activity in vivo? The answer to this last question is likely to have tremendous implications for understanding the actions of drugs that target GPCRs and for designing new medications with fewer side effects and greater efficacy.
C ell polarity, cell migration, cytokinesis, vesicle transport, and the formation of membrane protrusions are just some of the cellular processes that depend on actin filaments. Actin filaments are assembled by polymerization of monomers, and can be either branched or straight. For example, at the leading edge of motile cells the entire network of actin f ilaments is branched, whereas in microvilli, stereocilia, stress fibers, and contractile rings, actin is organized into bundles of linear filaments. Yeast contain linear structures called actin cables that enable directional transport of vesicles. A protein complex called Arp2/3 is the molecular machine that nucleates and drives actin monomers to polymerize into branched filaments (1). Now, two recent studies, including one on page 612 of this issue (2), identify the formins as a new class of actin nucleator that directs assembly of straight filaments (2, 3) .
Nucleation of actin (the formation of a short f ilament by two or three actin monomers) is the critical first step in actin filament assembly. Actin monomers are poor initiators of new filament assembly, and thus actin nucleation is the rate-limiting step. Actin filaments have structurally distinct ends: the barbed end and the pointed end (see the figure) . The barbed end is the faster growing end where most of new filament assembly takes place.
Much recent research has centered on the Arp2/3 complex, composed of at least seven proteins, which binds to the pointed ends and to the sides of existing actin filaments. Arp2/3 prefers to nucleate new filaments at a 70°angle to existing filaments, resulting in formation of a branched network (see the figure) . In vivo, the Arp2/3 complex is required for cellular processes that use branched actin filaments, for example, the extension of membrane protrusions in animal cells, and the intracellular motility of the bacterium Listeria monocytogenes. Because accessory proteins such as tropomyosin promote Arp2/3 to form actin filaments with fewer branches (4), many researchers have presumed that Arp2/3 is the primary and perhaps sole actin nucleator in the cell.
Recent studies, however, suggest that there is another actin nucleator at work, one that may specifically direct formation of straight actin filaments. Formins are large multidomain proteins that are required for cytokinesis and maintenance of cell polarity (5). These cytoskeleton-organizing proteins direct assembly of actin structures, such as the contractile ring, actin cables, and stress fibers, and also regulate microtubule stability in eukaryotic cells. Formins become activated when they bind to Rho guanosine triphosphatases, such as Cdc42, and are known transducers of the Rho signaling 
